The bacterial flagellar motor is an intricate nanomachine powered by a transmembrane electrochemical gradient. Rotation is driven by the cumulative action of several peptidoglycan-anchored stator complexes on the rotor. In proton-motive force-driven motors, the stator complex is composed of a motility protein B (MotB) dimer surrounded by four copies of MotA, where both MotA and MotB are integral membrane proteins. The lack of full-length MotA and MotB structures hinders understanding of the mechanism of torque generation. Given the low levels of expression and low stability of detergent-solubilized MotB, a soluble chimaeric variant was engineered, where the two transmembrane helices of the MotB dimer were replaced by a leucine zipper. The biochemical and biophysical analysis of the resultant protein showed that it was properly folded, stable, behaved as a monodisperse dimer at low pH, had molecular dimensions close to those expected for native MotB and yielded reproducible crystals. The chimaeric protein is, therefore, a good candidate for structural studies. This 'solubilization by design' approach may be generally applicable to the production of soluble forms of other dimeric, trimeric and tetrameric single-span membrane proteins for functional and structural studies.
Introduction
Motility protein B (MotB) is a key component of the energy-coupling stator complex that drives rotation of the bacterial flagellum, providing motility and enhancing pathogenicity of many bacteria [1] [2] [3] [4] [5] . The stator is part of the membrane-embedded basal body of the flagellum. The basal body is a rotary motor driven by the ion-motive force. The core central structure of its rotor (the rod) is attached to a long helical filament via a hook [5, 6] . The rod is surrounded by several ring structures (MS-ring, C-ring and, in Gram-negative bacteria, additional peptidoglycan (PG)-associated L-and P-rings) [5, 7] . Rotation is driven by the cumulative action of several circumferentially positioned PG-anchored stator complexes on the C-ring [8] .
The stator complex of the proton-motive force-driven motor is composed of proteins MotA and MotB, and functions as a proton conduction channel. In this complex, a central MotB dimer surrounded by four copies of MotA (figure 1) [9] [10] [11] . Each stator complex functions independently to provide a pathway for protons across the cytoplasmic membrane and generate torque [5, 8, 10, 12] . The mechanism by which the proton-motive force is coupled with torque generation is, as yet, unknown.
In the stator unit incorporated into the motor, each MotB monomer is anchored at one end to the cytoplasmic membrane via a single N-terminal hydrophobic a-helix, and at the other end to PG via its C-terminal globular domain (figure 1). Analysis of the crystal structures of the PG-binding domain of MotB from Helicobacter pylori [13 -15] and Salmonella typhimurium [16] elucidated the mechanism by which the 70 Å wide C-terminal part of the MotB dimer can insert into the pores of the PG matrix, the smallest diameter of which was estimated to be 70 Å [17] . A C-terminal periplasmic extension of the transmembrane (TM) helix (residues 52-65 in Escherichia coli MotB, 41 -54 in H. pylori MotB) is predicted to fold into an amphipathic helix, termed 'plug' (figures 1 and 2a). The 'plug' helix and C-terminal PGbinding domain are connected by a linker. The 'plug' helix is believed to play an essential role in suppressing premature proton flow-through the stator complex until the latter incorporates into the motor [19] . Dimerization of MotB within the stator occurs via the PG-binding domain, 'plug' helix and TM helix, and is known to be important for function (figure 1) [13, 16, 19, 20] .
Despite significant progress in characterization of the PGbinding domain, full-length MotB has so far resisted structure determination. Previously reported crystal structures of N-terminally truncated MotB variants [13] [14] [15] [16] contain only part of the linker. The lack of the structural information about the linker and 'plug' helix in the context of fulllength protein thwarts progress towards understanding of the mechanism of stator activation and torque generation. Full-length MotB is unsuitable for structural studies owing to instability when expressed on its own [21] . Our previous attempts to crystallize it yielded crystals of breakdown products [15, 22] . Here, we describe the design, expression, purification, crystallization and biophysical characterization of a close structural mimic of full-length MotB-a soluble chimaeric variant of H. pylori MotB (chimMotB), in which the helical TM domain was replaced with a leucine zipper (dimerization) motif derived from the yeast transcription factor GCN4 [18] . The parallel zipper possesses a pair of intertwining helices stabilized by hydrophobic interface residues. The parallel coiled coil homodimer of the GCN4 and 'plug' regions in the designed chimaera closely resembles that of the TM and 'plug' helices in native MotB (figure 1), thus preserving the native MotB fold in the rest of the construct. We found that the approach described here produced large quantities of soluble, stable, properly folded protein that behaved as a monodisperse dimer and had molecular dimensions close to those expected for native MotB. This 'solubilization by design' approach may be generally applicable to the production of soluble forms of other dimeric, trimeric and tetrameric single-span membrane proteins for functional and structural studies.
Material and methods

Construction of the recombinant plasmids and overexpression
The plasmid for expression of H. pylori MotB-C 97 (C-terminal fragment 97 -256 comprising the PG-binding domain and part of the linker; figure 2b) was previously described [15] . The coding sequence for MotB-C 40 (residues 40 -256 comprising the PG-binding domain, linker and 'plug' figure 2b) was PCRamplified from genomic DNA of strain 26695 of H. pylori using KOD Hot Start DNA polymerase (Novagen) and the primers CACCAACAAATCCAAAGTGGAAGCCTTAAAAAC (forward) and TCATTCTTGCTGTTTGTGCGGATTG (reverse). The amplified fragment was cloned into the pET151/D-TOPO vector using the TOPO cloning kit (Invitrogen) to produce the expression vector that contains an N-terminal His 6 -tag followed by a TEV protease-cleavage site. The expression clone was confirmed by DNA sequencing. The vector was transformed into E. coli strain BL21-CodonPlus (DE3)-RIPL (Stratagene). Cells were grown in Luria-Bertani (LB) medium containing 100 mg l -1 ampicillin and 34 mg l 21 chloramphenicol at 378C until an optical density at 600 nm (OD 600 ) of 0.6 was reached, at which point overexpression of MotB-C 40 was induced by adding 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) and growth continued for a further 3 h. The cells were then harvested by centrifugation at 6000g for 20 min at 48C.
The amino acid sequence of chimMotB contains the N-terminal GCN4 leucine zipper peptide MKQLEDKVEELLSKN YHLENEVARL (Genbank AAA34640.1, residues 250 -274) fused to the C-terminal periplasmic domain of H. pylori MotB (residues 41 -256, gene HP0816, H. pylori 26695 genome [23] (figure 2). The gene encoding chimMotB was synthesized by GenScript (USA) and inserted into the pET151/D-TOPO vector. The vector was then transformed into E. coli strain Rosetta 2 (Novagen). Cells were grown in LB medium containing 50 mg l 21 ampicillin and 34 mg l 21 chloramphenicol at 378C until an OD 600 of 0.8 was reached, at which point overexpression of chimMotB was induced by adding 0.5 mM IPTG and growth continued for a further 3 h, after which the cells were harvested.
Protein purification
MotB-C 97 was purified by following the previously published procedure [15, 22] . Cells expressing chimMotB or MotB-C 40 were lysed using a freeze -thaw method followed by sonication in buffer A (20 mM Tris/HCl pH 7.4, 200 mM NaCl and 1 mM PMSF) and three passages through an Avestin cell disruptor. Cell debris was removed by centrifugation at 10 000g for 20 min, after which the cell lysate was cleared by further centrifugation at 34 000g for 40 min to remove inclusion bodies, aggregates and membranes. NaCl and imidazole were then added to the supernatant to the final concentrations of 500 and [18] , 3CYP [13] ) are boxed with orange and blue solid lines, respectively. The plug helix is boxed with a magenta dotted line. The heptad repeat pattern hpphppp is shown under the fusion site of the chimaera (h is hydrophobic and p is polar). Predicted secondary structure is shown above the sequence. (Online version in colour.) remove E. coli DnaK contamination, the column was then subjected to 10 rounds of incubation in 2.5 ml of buffer B containing 2 mM MgATP for 10 min and a wash with buffer C. Protein was eluted with buffer C containing 500 mM imidazole. The N-terminal tag was cleaved off with His 6 -TEV protease (Invitrogen), while dialysing the sample overnight at 48C against buffer D (50 mM Tris/HCl pH 8.0, 0.5 mM EDTA, 2 mM DTT, 200 mM NaCl, 1% glycerol). NaCl and imidazole were then added to the sample to the final concentrations of 500 and 15 mM, respectively, and the TEV protease and uncleaved protein were removed over a Hi-Trap Chelating HP column. The flow-through was concentrated to 15 ml in a VivaSpin 10 000 Da cut-off concentrator, exchanged into buffer E (30 mM Tris/HCl pH 7.4) by passing through a HiPrep 26/10 Desalting column (GE Healthcare), and loaded onto a Resource Q column (GE Healthcare) pre-equilibrated in buffer E containing 50 mM NaCl. chimMotB was eluted with a linear gradient of 50-600 mM NaCl in buffer E, concentrated to 4 ml and loaded onto a Superdex 200 HiLoad 26/60 gel-filtration column (GE Healthcare) pre-equilibrated with buffer F (100 mM sodium acetate pH 4.6 and 200 mM NaCl).
Circular dichroism spectroscopy
MotB-C 40 , MotB-C 97 and chimMotB were dialysed exhaustively against buffer F. Far-UV circular dichroism (CD) spectra were recorded at a protein concentration of 0.2 mg ml 21 at 208C using a JASCO J600 spectrapolarimeter (calibrated with 0.06% d-10 camphorsulphonic acid) over the wavelength range 190-260 nm with the scan rate of 10 nm min 21 . Spectra were recorded in triplicate and averaged. The percentage of secondary structure was calculated by deconvoluting the CD spectra using the program K2d from the DichroWeb CD secondary structure server (http:// dichroweb.cryst.bbk.ac.uk/html/home.shtml; [24] ).
Thermal denaturation measurements were performed in a 0.2 cm path-length thermostated quartz cell at a protein concentration of 0.2 and 0.1 mg ml 21 for MotB-C 40 and chimMotB, respectively, in buffer F using a Jasco J-815 CD spectropolarimeter. A heating rate of 608C h 21 was applied, and the CD signal at 222 nm was monitored. The thermal denaturation data were fit to a derivation of the Boltzmann equation for the two-state unfolding model using Graph Pad Prism 5 to obtain the midpoint of denaturation (the thermal melting point) [25] .
Matrix-assisted laser desorption ionization time of flight mass spectrometry
One microlitre of the purified chimMotB was mixed with 1 ml of a-cyano-4-hydroxycinnamic acid matrix solution, placed on the matrix-assisted laser desorption ionization sample plate and allowed to dry. Molecular mass was analysed by an Applied Biosystems 4700 Proteomics Analyser.
Size-exclusion chromatography and multiangle laser light scattering/quasi-elastic light scattering analysis
Purified chimMotB was dialysed exhaustively against buffer F and concentrated to 2 mg ml
21
. A 50 ml sample was loaded onto a Superdex 200 5/150 gel-filtration column (GE Healthcare), equilibrated with buffer F flowing at 0.2 ml min 21 . The eluate was passed through an in-line DAWN HELEOS II laser photometer (l ¼ 658 nm), an Optilab T-rEX differential refractive index detector (Wyatt Technologies) and a dynamic light scattering detector (WyattQELS, Wyatt Technologies). A bovine serum albumin (BSA) standard was run to normalize the multiangle laser light scattering (MALLS) detectors. Data were analysed in ASTRA 6.0 (Wyatt Technologies), with a value for the refractive index increment (dn/dc) protein of 0.185 ml g
. The results are presented in table 1.
Small-angle scattering
Room-temperature small-angle X-ray scattering (SAXS) data were acquired for a 0.250 mg ml 21 chimMotB solution in buffer F placed in a 1.5 mm quartz capillary using the SAXS beamline at the Australian Synchrotron equipped with a Pilatus Detector. To collect scattering data, chimMotB and a matching buffer solution were exposed to X-rays for 1 s as the sample flowed through the capillary. The resultant two-dimensional scattering images were radially averaged and normalized for sample transmission. After scaling, scattering intensities of the buffer and empty capillary were subtracted from the intensities of the chimMotB solution. Data analysis was performed using the ATSAS suite of software [26] . The program Primus [27] was used to calculate a Guinier plot to determine values for zero-angle scattering I(0) and radius of gyration (R g ), using a 0.8 cut-off for sR g , where s is the magnitude of the scattering vector. The pair distribution function P(r) was calculated by the program GNOM [28] as an indirect Fourier transform of the scattering curve I(s). This function provides the probabilities of distances between the scattering centres and the maximum dimension of the scattering molecular species [28] . The maximum dimension of chimMotB (D max ) was calculated by restraining the P(r) function to 0 at r max and varying r max over a wide range to find the value (r max ¼ D max ) that gave a plausible P(r) function and yielded the highest 'total estimate' value. Additionally, I(0) was computed using GNOM. The I(0) and R g values calculated from the Guinier approximation or the P(r) were comparable. To estimate the molecular mass of chimMotB, the forward scattering I(0) of chimMotB was determined on the absolute scale using the known scattering of water as previously described [29] ; the partial specific volume of the protein was assumed to be 0.74 cm 3 g 21 . Theoretical calculations of the hydrodynamic radius from the crystal structure were carried out as described by Ortega et al. [30] using HYDROPRO v. 10 (http://leonardo. inf.um.es/macromol/programs/hydropro/hydropro.htm).
Crystallization
The chimMotB protein was dialysed exhaustively against buffer G (30 mM sodium acetate, pH 4.6), concentrated to 13 mg ml 21 and centrifuged for 40 min at 34 000g to clarify the solution. Screening of crystallization conditions was carried out by the sitting-drop vapour-diffusion method at 208C using an automated crystallization robot Phoenix (Art Robbins Instruments). The crystallization droplets contained 100 nl of the protein solution mixed with 100 nl of the reservoir solution and equilibrated against 100 ml of the reservoir solution in a 96-well Intelliplate (Art Robbins 
Results
Design of soluble MotB chimaera
The TM helices of the two native MotB molecules associate into a parallel symmetric dimer that structurally resembles a coiled coil (figure 1) [20] . It has previously been postulated that in the activated stator complex, the 'plug' helices just C-terminal to the TM helices associate with each other via their hydrophobic faces into a parallel coiled coil that forms an extension of the TM-coiled coil ( figure 1, [19] ). The primary sequence of the 'plug' helix conforms to a heptad repeat pattern typical of soluble a-helical coiled coils (hpphppp, where h is hydrophobic and p is polar) (figure 2a). We fused the GCN4 dimerization domain in register with the 'plug' helix, while maintaining the heptad repeat pattern (figure 2c). In the dimer of this chimaera, the region comprising the GCN4 motif and 'plug' helix is predicted to form one continuous coiled coil. The parallel coiled coil homodimerization mode of the GCN4 and 'plug' regions in this protein is predicted to closely resemble that of the TM and 'plug' helices in native MotB (figure 1), thus conveying stability to the entire construct and preserving the native fold. In addition, we designed a truncated soluble MotB variant MotB-C 40 that lacks the TM helix, but retains the 'plug' region. To facilitate the protein purification via affinity chromatography, the genes encoding chimMotB and MotB-C 40 were cloned with the cleavable N-terminal polyhistidine tag into the pET151/D-TOPO vector. Both removal of the TM helix and its substitution with the GCN4 peptide greatly improved expression levels in comparison with the wild-type MotB (data not shown).
Protein purification and removal of contaminating DnaK
During purification, chimMotB and MotB-C 40 co-eluted from the Ni -NTA column with contaminating approximately 65 kDa protein ( figure 3 ; data for MotB-C 40 not shown).
Mass spectroscopy of the tryptic digest of the gel band identified this protein as E. coli DnaK. Analysis of the H. pylori MotB sequence (figure 2c) localized the putative DnaK binding site to a stretch of hydrophobic residues flanked by charged residues, QPVVVIPPD (residues 65 -73). This is part of the MotB linker region (55 -112) that is believed to be more flexible than the rest of the structure.
To circumvent the unwanted contamination of DnaK, the protein bound to the purification resin was extensively washed with MgATP before elution, which dramatically reduced the amount of DnaK in the eluate (figure 3). CD was used to investigate the secondary structure of chimMotB and compare it to that of a control protein, the MotB fragment of a known structure (MotB-C 97 ) ( figure 4) . Estimation of the a-helix and b-sheet content in the secondary structure using the K2d server [24] gave the values that are close to those predicted from the sequence analysis using SOPMA [31] (table 2), indicating that purified chimMotB was folded.
chimMotB stability against proteolysis
The time course of room-temperature proteolytic degradation of the three soluble variants of MotB, MotB-C 40 , MotB-C 97 and chimMotB was monitored by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS -PAGE) analysis over a period of 6 days in 20 mM Tris pH 7.5 ( figure 5 ). This analysis revealed that MotB-C 40 undergoes slow (days rather than seconds or minutes) proteolytic cleavage by as yet unidentified contaminating proteases. SDS-PAGE and massspectrometry (not shown) analysis revealed that proteolysis initially yields a 22 kDa degradation product, which then further degrades to produce a stable 18 kDa fragment. In contrast, MotB-C 97 and chimMotB showed no signs of proteolytic degradation over this period ( figure 5 ). This result indicated that the addition of the N-terminal GCN4 dimerization motif to MotB-C 40 (figure 2b) dramatically improves resistance of the linker region to proteolysis. rsif.royalsocietypublishing.org J R Soc Interface 10: 20120717
chimMotB stability against thermal denaturation
We examined the thermodynamic stability of chimMotB by thermal denaturation and compared it with that of MotB-C 40 . The two variants displayed monophasic melting curves with very close apparent melting temperatures (668C), indicative of similar thermodynamic stabilities (figure 6). The melting curve of chimMotB was significantly steeper than that of MotB-C 40 (unfolding of chimMotB occurred over a narrow temperature range between 618C and 708C, whereas melting of MotB-C 40 was more gradual, over the range 558C -808C). The highly cooperative unfolding of chimMotB suggested that it melts as a single domain, i.e. the PG-binding domain, the linker region and the N-terminal moiety, containing the GCN4 zipper and the 'plug' are thermodynamically coupled via intramolecular interactions. The less cooperative unfolding of MotB-C 40 suggested that this variant has a less compact structure in which the interactions between the linker and PG-binding domain are likely lost.
Monodispersity and stoichiometry of chimMotB demonstrated by light scattering analysis
To determine the oligomeric solution state, sample monodispersity and the hydrodynamic radius (R h ) of chimMotB, we carried out MALLS and quasi-elastic light scattering (QELS, also known as dynamic light scattering, DLS) analyses coupled to size-exclusion chromatography (SEC). MALLS measures the intensity of light scattered at 15 angles simultaneously for the determination of absolute molecular weights (MWs). DLS measures the time-dependent fluctuations of the light scattered by the particles to derive their hydrodynamic sizes. The elution of chimMotB from the size-exclusion column was monitored using online UV/Vis, MALLS and DLS detectors. chimMotB eluted as a single, monodisperse peak. The derived MW value was 55.9 + 1.4 kDa ( figure 7 and table 1; we determined the accuracy of the weight determination as approx. 2% from the quality of the BSA standard). This value is consistent with a dimer. The apparent hydrodynamic radius of the particles in this peak was 38 Å (figure 7). For comparison, calculation of the hydrodynamic radius from the crystal structure of the dimer of H. pylori MotB missing the N-terminal 63 residues (PDB RCSB 3S0Y [15] ) gave the value of 37 Å . suggested an elongated rather than spherical molecular shape for chimMotB. Indeed, the pair distance distribution function, P(r), of chimMotB showed the typical left-shifted asymmetry that is expected for elongated scattering objects (figure 8c). Estimation of the molecular mass of the scattering particles based on zero-angle scattering on an absolute scale yielded a value of 56 kDa. The estimated value is close to the theoretical molecular mass (56 kDa) of the chimMotB dimer calculated from the amino acid sequence and to the value obtained by MALLS (56 kDa), confirming that under the chosen experimental conditions chimMotB was in a dimeric state.
A Guinier plot (lnI(s) versus s 2 , figure 8b) [32] was used to determine the radius of gyration (R g ) of the protein from the slope of the linear portion within the low s limit of the curve. The R g value was also estimated by the GNOM program. In contrast to Guinier approximation which only uses data collected at small angles, GNOM uses data collected over all the angle range and is less sensitive to small amounts of aggregates. The two methods yielded the R g values of 37 and 38 Å , respectively.
Preliminary crystallization
Preliminary crystals of chimMotB were obtained using highthroughput robotic screening against commercial screens containing 300 different conditions ( figure 9 ). To assess the diffraction quality of the crystals in the high-throughput mode, the crystallization plates were placed directly in the X-ray beam of station MX2 at the Australian Synchrotron. Visual inspection of the diffraction pattern unambiguously identified these crystals as protein rather than salt. Crystal optimization and data analysis using crystallography is underway.
Discussion
Integral membrane proteins mediate essential functions of the cell, including energy generation, sensing and motility. Such proteins are prone to aggregation upon exogenous expression and extraction from the lipid bilayer, which makes structural and biophysical studies of them extremely challenging. Low levels of expression and low stability of these proteins in a detergent-solubilized form add to the problem. Rendering membrane proteins soluble in aqueous media by means of mutagenesis, while preserving their native-like fold, proved to be useful for boosting the expression levels and for structural and functional characterization of many important targets [33 -36] . The most trivial (and most common) example of 'solubilization by design' involves removal of the entire TM domain [15, 37] . However, the TM region in most membrane proteins plays an essential role in determining the overall fold, oligomeric state and stability, and cannot be dispensed of. This emphasizes the need for development of alternative approaches to the design of soluble variants of membrane proteins for structural and functional studies.
In this study, we have presented the rational design, purification and characterization of the water-soluble variant of homodimeric integral membrane protein MotB. The TM helices of the two native MotB molecules in the stator complex associate into a parallel symmetric dimer that resembles an a-helical coiled coil, both in the presence and absence of MotA [20] . The C-terminal extension of the TM helix, the 'plug', is also believed to form a parallel coiled coil and form no interactions with periplasmic loops of MotA [19] . We, therefore, argued that the overall fold of the chimaera produced by the replacement of the hydrophobic double a-helical TM domain of MotB with a water-soluble leucine zipper in register with coiled coil heptad motif in the 'plug' is likely to be close to the fold of the native MotB molecule. Using this rationale, we have successfully achieved 'solubilization by design' of dimeric flagellar protein MotB and obtained milligram amounts of soluble, highly pure, folded, stable, monodisperse, crystallizable protein for structural studies. The soluble MotB variant produced by replacing its double a-helical TM domain with the GCN4 leucine zipper dimer showed greater stability against proteolysis relative to the soluble variant, where the TM helix was simply removed (MotB-C 40 ). In contrast to chimMotB which remained largely intact for the duration of the experiment (6 days), MotB-C 40 degraded within days to a stable 18-kDa fragment (figure 5). We have previously observed partial proteolytic degradation of N-terminally truncated MotB fragments MotB-C 78 (residues 78-256), MotB-C 90 and MotB-C 97 during crystallization process [15] . Analysis of the electron density maps showed that some subunits in the asymmetric unit of these crystals lacked their N-terminus as a consequence of cleavage after K96 or K102 located in loop 96-107 (KATIARKGEGSV). Cleavage at this site yields an 18 kDa C-terminal fragment. The improved stability of chimMotB when compared with MotB-C 40 that degrades to produce an 18 kDa fragment, therefore, suggests that in MotB-C 40 , residues 96 -107 of the linker are solvent-exposed, poorly ordered and accessible to cleavage by contaminating proteases, whereas in chimMotB this part of the linker is well structured or shielded from the solvent.
A number of observations indicated that the MotB chimaera is folded such as native MotB. CD analysis of chimMotB revealed that its a-helix and b-sheet content is close to that predicted from the sequence analysis. The temperature denaturation studies showed that the thermal stability of chimMotB is very similar to that of MotB-C 40 . Furthermore, the value of the hydrodynamic radius of chimMotB calculated from the QELS analysis (38 Å ) is close to that calculated for the crystal structure of the dimer of H. pylori MotB missing the N-terminal 63 residues (37 Å ). In addition, two independent analyses, SEC MALLS and SAXS, revealed that chimMotB exists as a monodisperse dimer. Native MotB also functions as a dimer, in line with the previous reports of dimers observed in the crystal structures of the C-terminal periplasmic domains of MotB from H. pylori, Salmonella and Desulfovibrio vulgaris [13, 15, 16 and PDB ID 3KHN]. The fact that the C-terminal region of MotB lacking the 'plug' and the TM helix forms a dimer [13, 15, 16] suggests that the dimerization of chimMotB occurs via the C-terminal PG-binding domain, 'plug' helix and N-terminal leucine zipper.
According to the results of the scattering analyses, the chimMotB dimer has an elongated shape with the longest dimension of approximately 155 Å . In the active stator unit, membrane-anchored MotB must span an approximately 50 Å thick lipid bilayer and an additional approximately 100 Å distance in the periplasm to reach the PG layer [16, 38] . The size of chimMotB is, therefore, close to that expected for native MotB. The globular C-terminal domain of MotB is approximately 70 Å in its maximum dimension [13] . Assuming the C-terminal domain adopts a similar conformation in chimMotB, the N-terminal part of the chimaera, comprising the GCN4 leucine zipper, 'plug' region (residues 41-54) and linker (55-112), therefore, adds at least 155 -70 ¼ 85 Å to the size of the molecule. One can imagine two possible configurations for the N-terminus: (i) a separate domain connected to the C-terminal PG-binding domain by an unstructured, flexible linker, or (ii) a subdomain protruding from the C-terminal domain. Improved chimMotB stability against proteolysis when compared with MotB-C 40 indicates that the linker is likely well structured in the chimaera. Indeed, the sequence analysis suggests that the linker region of H. pylori MotB contains considerable secondary structure (48%; figure 2c; compare this with a 47% secondary structure content measured for the folded globular MotB-C 97 ; table 2). Our observation of the highly cooperative temperature unfolding of chimMotB indicated that it melts as a single cooperative unit, i.e. the PG-binding domain, linker, GCN4 zipper and 'plug' helix are thermodynamically coupled via intra-molecular interactions within a compact structure. In contrast, the less cooperative unfolding of MotB-C 40 was indicative of a more open conformation in which the interactions between the ('plug' plus linker) region and PG-binding domain are likely lost. Therefore, we favour configuration (ii) in which the N-terminal region of chimMotB comprising the leucine zipper (that mimics the two MotB TM helices), the 'plug' and the structured linker form a 'rigid' protrusion from the C-terminal domain as in native H. pylori MotB.
Full-length MotB has so far resisted structure determination or comprehensive biophysical and biochemical characterization owing to its low stability in isolated, detergent-solubilized form. Its water-soluble variant, chimMotB, has a fold similar to native MotB but unlike the full-length protein, the former is stable, monodisperse and forms crystals. This makes it a good candidate for structural studies by means of X-rays crystallography and other methods including SAXS, fluorescence resonance energy transfer and electron plasmon resonance.
The GCN4 dimerization motif used in this study had been extensively characterized [39] and found many applications, including stabilization of protein oligomers to facilitate crystallization. For example, replacement of the native coiled coil region of the proteasomal ATPase from Archaeoglobus fulgidus with the GCN4 zipper was previously shown to stabilize the entire oligomeric interface and promote crystallization [40] . The usability of the GCN4 leucine zipper motive is enhanced by the fact that mutations in the zipper sequence can controllably alter its oligomerization state from a dimer to either a trimer or tetramer [39] . Previously, replacing the trimeric N-terminal hydrophobic fusion peptide of the ectodomain of HIV-1 gp41 with a trimeric ( pII) variant of the GCN4 coiled coil region produced a crystallizable protein that retained structural features of native gp41 [41] . There are over 33 000 single-span membrane proteins in the UniProt database (http://www.uniprot.org/locations/SL-9904), the full-length structures of the vast majority of which are not yet known. Our 'solubilization by design' approach using the GCN4 leucine zipper motif in place of a single TM helix may prove useful for overproduction of soluble forms of many dimeric, trimeric and tetrameric single-span membrane proteins for structural and functional studies. 
